Introduction
During its life cycle, the fission yeast Schizosaccharomyces pombe is faced with a decision between vegetative growth, sexual conjugation or remain in stationary phase or quiescence. To go through this decision point (known as Start in yeasts), which occurs in the late G1 phase of the cell cycle, yeast cells require the activity of the mlui-binding factor (MBF) complex [1] . This complex is the functional homologue of mammalian RB/E2F, and likewise its metazoan homologue is a multimeric complex that contains the product of the Start gene cdc10 [2] and the DNA-binding proteins Res1 and Res2 [3] [4] [5] . The MBF complex contains additional components, like the activator Rep2 [6] and the repressor complex formed by Nrm1 and Yox1 [7] [8] [9] [10] . MBF controls the G1/S wave of transcription, inducing the expression of some genes directly or indirectly required for DNA synthesis [11] . The cell cycle-dependent expression of cdc22 and cdc18 is disrupted in strains with impaired MBF function, whereas the hyperactivation of MBF induces extremely high levels of cdc18 and cdc22 mRNA, leading to over-replication of DNA [12] . Therefore, tight control of MBF activity is essential to ensure normal cell cycle progression. MBF has been found bound to its target promoters throughout the cell cycle [13] , implicating that MBF activity is not achieved by modulating its DNA-binding activity. Although it has been shown how the DNA replication checkpoint releases the repressor system Nrm1/Yox1 from the MBF complex, their role in the regulation of the MBF activity in an unperturbed cell cycle is not fully understood [8] .
The INO80 chromatin remodeling complex has roles in the regulation of transcription, DNA repair and DNA replication [14] [15] [16] [17] . The Ino80 ATPase is a member of the SNF2 family of ATPases and functions as an integral component of a multisubunit ATPdependent chromatin remodeling complex [18] . Ino80 was first isolated in Saccharomyces cerevisiae, from a genetic screen looking for yeast defective in activating transcription in response to inositol depletion [19] . INO80 complexes purified from budding yeast, fission yeast and mammalian cells contain core subunits preserved across species (Ino80, Rvb1, Rvb2, Arp5, Arp8, Alp5, Ies2 and Ies6), as well as some species-specific proteins. Fission and budding yeast INO80 complex share an HMG-box protein (Nht1 and NHP10, respectively) and the nuclear fraction of actin (Act1) [20] [21] [22] . Recent work on the structure of the INO80 complex [22] has revealed that the complex has different subcomplexes, including: (a) a catalytic module, which is involved in the ATP-dependent nucleosome sliding and contains Ino80, Rvb1, Rvb2 and Ies2; (b) a neck module containing Arp5 and Ies6, important for optimal binding to nucleosomes [23] ; (c) the body module, which is the least preserved part of the complex and contains Nht1, Iec1, Iec3 and Ies5 facilitating nucleosome sliding by binding to reaction intermediate states [22] ; and (d) the Arp8 module comprises the evolutionary conserved subunits Act1, Arp4, Arp8, Ies4 and Taf14 reported as binding core histones [22] .
The INO80 and SWR complexes are involved in regulating the deposit of the histone variant H2A.Z (Pht1 in fission yeast). While the SWR complex is involved in replacing H2A with the variant Pht1 in an ATP-dependent manner [24] , the INO80 complex works in the removal of the histone variant that has been miss-incorporated into the coding regions of euchromatin [25] . As the acetylation of Pht1 at the conserved lysine residues on its N terminus (K5, K7, K12 and K16) in the promoter of transcribed genes by the KAT5 acetyltransferase Mst1, which is part of NuA4 complex preventing its removal by INO80 [26, 27] , the resultant equilibrium of the two complexes is the accumulation of Pht1 at the À1 and +1 nucleosomes of the transcribed genes [27] . The incorporation of the histone variant Pht1 at the nucleosomes flanking the nucleosome-depleted regions (NDRs) facilitates the initiation of transcription by creating and displaying a DNA region with easy access to RNA polymerase and other transcription factors [28] . More recently it has been shown that the INO80 complex also has a deep impact in cohesion dynamics along chromosome arms [29] .
Here, we investigate how in fission yeast, the G1/S wave of transcription, which depends on a single transcription factor (MBF), needs and recruits the activity of the INO80 complex to fully induce the transcription of genes, which are required for the proper progression of the S phase of the cell cycle. We show that Pht1 (H2A.Z) deposition flanking the NDR of MBFdependent genes is required to fully activate the transcription of these genes during the S phase of the cell cycle.
Results
The MBF complex and the INO80 complex interact in a cell cycle-regulated manner
To isolate new components of the MBF complex and how they could regulate its activity, we purified the native MBF complex and characterized the proteins that physically interacted with this transcription factor [8] . We combined immunoprecipitation (IP) with iTRAQ (isobaric tags for relative and absolute quantification) [30] followed by LC/MS/MS (liquid chromatography, tandem mass spectrometry). Cdc10-associated proteins were purified from cells expressing a carboxi-terminal HA-tagged Cdc10 in its own locus using an anti-HA antibody, which enabled us to isolate and characterize the MBF repressor Yox1 [8] . As a proof of concept for this process, we could detect several of the MBF core components with a significantly enriched ratio, including Cdc10 and Res2 (Fig. 1A) . We decided to focus on other proteins that we isolated in our purification. Our attention was caught by the fact that 4 of 14 proteins of the fission yeast INO80 Complex were also isolated in our purification, with a high ratio Cdc10-HA vs. wild-type untagged strain, including Ies4, Iec5, the actin-related protein Alp5 and the RuvB-like helicase Rvb1.
To confirm the interaction between the MBF complex and the INO80 complex, we epitope-tagged two proteins of the INO80 complex at their own chromosomal loci: the nonessential Ies4 that resides in the Arp8 subcomplex containing one of the chromatin docking modules [22] and the essential component Ino80 that is part of the core catalytic subunit (together with the helicases Rvb1 and Rvb2). As shown in Fig. 1B ,C, using specific antibodies, we were able to detect coprecipitation between both subunits of the INO80 complex and Cdc10, confirming the interaction between both complexes. Furthermore, this interaction between both complexes does not appear to be fully dependent on the presence of DNA as we were able to detect to some extent the coprecipitation in the presence of different concentrations of ethidium bromide. Next, and to determine whether the INO80 complex was indeed recruited at MBF-regulated promoters, we found Ino80 and Ies4 bound to cdc18 and cdc22 promoters, when measured on ChIP experiments ( Fig. 2A) . In these experiments, we used pho4 promoter as a positive control, as INO80 complex had recently been shown to bind to the promoter of this gene [21] . We also tested the binding of Ies4 to MBFregulated promoters in different MBF deletion mutants in which the transcription is induced (Dyox1 and Dres1) or reduced (Drep2) [6, 8, 11, 31] , as shown in Fig. 2B . Although we could not detect any effect on Ies4 binding when MBF is repressed (Drep2 cells), there was clearly a noticeable increase in Ies4 binding that was proportional to the increase in the MBFdependent transcription: Dyox1 cells show a profound increase in Ies4 binding to the MBF-regulated promoters, whereas Dres1 cells have a more moderate although consistent increase. Given this observation, we decided to determine whether Ies4 binding to MBF-regulated promoters was regulated along the cell cycle. To do so, we synchronized a culture of fission yeast cells in late G2 phase of the cell cycle using the thermosensitive allele cdc25-22. After releasing at the permissive temperature we took samples every 20 min for analysis by northern blot and ChIP (Fig. 2C,D) . We measured synchronicity and cell cycle progression determining the septation index of the samples. The binding of Ies4 to MBF-regulated promoters was cell cycle regulated with a maximum binding at the M/G1 transition preceding around 20 min to the peak of mRNA accumulation. This effect is more noticeable in the second cell cycle after the release (140-180 min after the release).
The INO80 complex remodels the chromatin at MBF-regulated promoters
We have shown that there is a correlation between the INO80 binding to MBF-regulated promoters and the onset of transcription in MBF-dependent genes. Next, we wanted to determine whether INO80 binding was indeed required to fully activate the MBF-dependent transcription. Cdc10 is part of the core of the MBF complex and an essential component of it. Cdc10 binds to its target promoters constitutively during the cell cycle and is only released from DNA after the DNA-damage checkpoint is activated [13, 32] . First, we measured by ChIP the relative binding of Cdc10 to MBF-regulated promoters in different INO80 complex mutants. As can be observed in Fig. 3A , all the nonessential INO80 mutants that we tested had decreased Cdc10 binding in asynchronous cell cultures, with Cdc10 binding ranging from 60% (Diec3, Dnht1 or Darp8) to less than 30% (Darp5 or Dies6), when compared with wild-type cells. As expected, this decreased binding of Cdc10 (i.e. MBF complex) reduced the accumulation of MBF-dependent transcription. As decreases in the accumulation of lowexpression genes are difficult to quantify, we measured MBF activity using a reporter strain in which the cdc22 promoter drives the expression of YFP, which is The loading of Ino80 or Ies4 on cdc22 and cdc18 promoters was measured through ChIP. pho4 was used as positive control; an intergenic region was used as a negative control (ctrl). The average of three experiments (AESD) is plotted. *P < 0.05; **P < 0.01 (B) The loading of Ies4 on cdc22 and cdc18 promoters was measured by ChIP in the indicated MBF mutants. An intergenic region was used as a negative control (ctrl). The average of three experiments (AESD) is plotted. **P < 0.01 (C) The loading of Ies4 on cdc22 and cdc18 promoters was measured by ChIP from synchronous cultures of a cdc25-22 strain, as they progressed from a late G2 block. The average of three experiments (AESD) is plotted. Cell cycle phases according to the septation index are indicated at the bottom. (D) RNA prepared from the same cultures as in (C) was analyzed through hybridization to probes of MBF-regulated genes (cdc18 and cdc22). Actin (act1) and rRNA were used as loading controls.
a highly quantitative method of measuring expression from steady-state cultures. As shown in Fig. 3B , we observed a moderate although constant decrease in YFP in each of the INO80 mutants in which we tested MBF activity, with decreases ranging from 10% (Dies2 or Dies4) to 30% (Darp8). We would like to point out that even in the absence of the MBF transcriptional activator (Rep2), only a 45% reduction is observed. Similarly, we observed also an effect on synchronized cultures of Dies4 cells: there was a subtle decrease in the cdc22 mRNA accumulation as cells proceeded into S phase, when compared with wild-type cells (Fig. 3C ).
To note, we tried to synchronize other mutants of the INO80 complex (like Darp8, Dpht1 or Darp5), but we were unsuccessful as they were unable to be released properly from the arrest. The INO80 complex redistributes the histone variant H2A.Z (Pht1 in fission yeast) once has been deposited by the SWR complex. The consequence is that Pht1 accumulates at the À1 and +1 nucleosomes of specific genes. This accumulation helps marking the 5ʹ region of the genes, creating an NDR. This mechanism has been shown to facilitate the access of RNA polymerase and specific transcription factors [27] . The local accumulation of Pht1 is probably due to the activity of promoter histone acetyl transferases (HATs) that keep Pht1 in an acetylated form near the promoters, and the fact that acetylated Pht1 is not the preferred substrate of INO80 complex [26, 28] . To further characterize the role of Pht1 in creating or maintaining NDRs at MBF-regulated genes, we determined nucleosome occupancy at cdc22 and cdc18 genes. We isolated mononucleosomes from cultures of wild-type and Dpht1 strains and the isolated DNA was used as template for PCR with overlapping primers covering the promoters and coding sequences of cdc22 and cdc18, respectively. As a control, we used an MBFindependent gene, ctt1. Nucleosome occupancy and NDRs matched a recent genome-wide study performed in fission yeast [33] . As shown in Fig. 4 , in the absence of Pht1 we could observe a decrease in the NDR in cdc22 and cdc18. In fact, we detected an extra nucleosome at or near the Transcription Start Site (TSS) of both genes (indicated as dashed circles in Fig. 4) . No effect in the absence of Pht1 was detected in an MBFindependent gene, ctt1.
Pht1 acetylation is cell cycle regulated and is required for the timed expression of MBFregulated genes Next, we wanted to determine the effect of Pht1 on MBF-dependent transcription. Specifically, we decided to characterize whether MBF-regulated promoters (cdc18 and cdc22) accumulated acetylated Pht1 at specific moments of the cell cycle. To do so, we synchronized cultures of fission yeast cells in late G2 phase of the cell cycle using the thermosensitive allele cdc25-22, and after the release at the permissive temperature we took samples for ChIP analysis using an antibody that recognizes only the acetylated form of Pht1 (a-H2A.Zac) (Fig. 5A) . As can be observed in Fig. 5B , the acetylated Pht1 accumulated in the The loading of Cdc10 on cdc22 and cdc18 promoters was measured by ChIP in the indicated INO80 mutants. The average of three experiments (AESD) is plotted. *P < 0.05; **P < 0.01 (B) MBF activity was measured using a reporter strain in which cdc22 promoter controls the expression of YFP. We plotted the values of FITC normalized by cell size (FITC/FSC ratio) in the indicated INO80 mutants. As positive and negative controls, we used strains in which the repressor Yox1 or the activator Rep2 were deleted. The average of at least three different experiments (AESD) is plotted. *P < 0.05; **P < 0.01; ***P < 0.001 (C) RNA prepared from a synchronous culture of a cdc25-22 and a cdc25-22 Dies4 strains after release from a late G2 block was analyzed through hybridization to probes of a MBF-regulated gene (cdc22). rRNA was used as loading control. Cell cycle phases according to the septation index are indicated at the bottom.
analyzed promoters at the same time (first cycle) or slightly advanced (second cycle) to the transcription induction (compare Fig. 5B with Fig. 2D ), suggesting that Pht1 acetylation could be either required for the transcriptional induction of MBF-dependent genes, or just a reflection of increased HAT activity in those promoters at the time of gene induction. To distinguish between these two possibilities, we used strains in which the endogenous Pht1 was replaced by mutants that either mimic the acetylated form at four lysine residues (Pht1-4KQ) or the unacetylated form (Pht1-4KR) [34] , and measured MBF activity using the cdc22 reporter strain (Fig. 5C ). While Pht1-4KQ had an output similar to the wild-type strain, the strain with the unacetylable allele of Pht1 (pht1-4KR) showed a deep reduction in MBF activity (62% AE 0.6, compared with the wild-type strain), with a similar output level to the strain that lacks the MBF transcriptional activator Rep2 (Drep2, 56% AE 0.5). To fully characterize the effect of Pht1 acetylation on transcription along the cell cycle, we synchronized cultures of fission yeast cells in late G2 phase and after release at the permissive temperature we took samples every 20 min for analysis by northern blot and to measure cell cycle progression by determining the septation index of the samples. We detected an expression profile in the pht1-4KQ strain that was similar to that of the wild-type strain (data not shown). However, the expression profile in the strain with the unacetylable Pht1 (pht1-4KR) showed major differences when compared with the wild-type strain (Fig. 5D ). This result pointed to a requirement of cell cycle-regulated Pht1 acetylation to have the correct timing and expression levels (amplitude) of MBF-dependent genes (Fig. 5D ) and also that the lack of Pht1 acetylation diminished the total amount of transcription in asynchronous cultures (Fig. 5C ).
Discussion
We have shown here that the INO80 complex helps to modulate the activity of the MBF complex, being required to fully activate the transcription of the MBFdependent genes at the onset of S phase of the cell cycle. Some components of the INO80 complex do physically interact with the MBF core element Cdc10, and this interaction is independent on the presence of DNA. Furthermore, INO80 complex is recruited at MBFregulated promoters in a cell cycle-dependent manner, with a strong induction at the time (or just slightly preceding the peak) of MBF-dependent transcription.
Although the interaction between INO80 and MBF complexes is not sufficient to explain how MBFdependent transcription is activated during S phase, the INO80 complex is required to fully activate the MBF complex. While mutants in several components of the INO80 complex show a decreased transcription of MBF-dependent genes concomitant with a decreased binding of Cdc10 to its target promoters (Fig. 3) , the opposite does not happen. A mutant in Fig. 4 . Pht1 helps establishing NDRs at MBF-regulated promoters. Mononucleosomes were isolated from cultures of wild-type (WT) or Dpht1 strains (closed and open circles, respectively). qPCR was performed using sets of overlapping primer pairs covering the promoter, the 5ʹ UTR and coding region (white rectangle) of the cdc22 (A), cdc18 (B) and ctt1 (C), respectively. Error bars (AESD) were calculated from biological triplicates. Nucleosomes are represented as circles; red circles indicate nucleosomes that only appear in Dpht1 strain. Plots were aligned to the TSS.
which the main activator of the MBF complex (Rep2) was deleted does not reflect any change in the amount of INO80 complex that is brought to the MBFregulated genes (Fig. 2B) . We hypothesized that Rep2 and INO80 complex have overlapping nonredundant roles. Although both are required to activate MBFdependent genes, Rep2 belongs to a classical type of transcriptional coactivators that are involved in the recruiting of histone acetylases to the promoter of the genes [35, 36] . On the contrary, the INO80 complex is required to properly position the +1 nucleosome and the NDR, opening the chromatin and allowing the loading of the active RNA polymerase II (Fig. 6) .
Pht1 is acetylated in a cell cycle-dependent manner, with a maximum concomitant with MBF-dependent transcriptional activation (compare Figs 2C and 5B) . Using fission yeast strains in which the endogenous copy of Pht1 had been replaced by mutants that either mimicked a constitutively acetylated histone (Pht1-4KQ) or a histone that could not be acetylated (Pht1-4KR) has proven to be essential to show the effect of INO80 complex on the regulation of MBF-dependent genes. Furthermore, while a strain expressing the Pht1-4KQ allele has no major effects on MBF-dependent transcription, the Pht1-4KR strain has reduced MBFdependent transcription (Fig. 5C ) and the cell cycledependent transcriptional regulation is deeply affected (Fig. 5D) . We believe that INO80 complex is specifically recruited to MBF-regulated genes and helps to have the proper chromatin structure with a well positioned +1 nucleosome preceded by a large NDR, which are gene signatures required to have a gene that is poised to be transcribed. In the absence of these signatures, MBF complex is not fully loaded and MBFdependent transcription is not properly triggered at the onset of each S phase of the cell cycle. Further work The loading of acetylated-Pht1 (a-H2A.Zac) on cdc22 and cdc18 promoters was measured by ChIP from synchronous cultures of a cdc25-22 strain, as they progressed from a late G2-phase block. The average of three experiments (AESD) is plotted. Cell cycle phases according to the septation index are indicated at the bottom. (C) MBF activity was measured using a reporter strain in which cdc22 promoter drives the expression of YFP. We plotted normalized FITC values (FITC/FSC ratio) in the indicated strains. The average of at least three different experiments (AESD) is plotted. ***P < 0.001 (D) RNA prepared from a synchronous culture of a cdc25-22 pht1-4KR strain after release from a late G2 block was analyzed through hybridization to probes of MBF-regulated genes (cdc18 and cdc22). The WT strain is shown in Fig. 2D . Actin (act1) and rRNA were used as loading controls. Cell cycle phases according to the septation index are indicated at the bottom.
will be necessary to determine if similar mechanisms are operative in metazoans to control the G1-to-S transcriptional wave.
Methods

Strains and media
All S. pombe strains are isogenic to wild-type 972hÀ and are listed in Table 1 . Media were prepared as previously described [37] .
Cell synchronization
Temperature-sensitive strains carrying the allele cdc25-22 were cultured at the permissive temperature (25°C) in a shaker water bath (INFORS HT) until mid-log phase (3-4 9 10 6 cellsÁmL À1 ), shifted to the nonpermissive temperature (36°C) for 4 h and then released at the permissive temperature, as described [11] . Synchronicity was determined measuring the septation index of 4ʹ,6ʹ-diamidino-2-phenylindole stained cells. JA256 (cdc25-22 leu1-32 h+), JA1700 (cdc25-22 ies4-13xMyc:NatR+ h+) and JA1821 (cdc25-22 pht1-4KR-3xHA-KanMX6+ h+) synchronized with similar timing of the septation index peak.
Protein extraction and immunoprecipitation
Extracts were prepared in NET-N buffer [20 mM Tris HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% NP40, 1 mM DTT, 1 mM phenylmethyl sulphonyl fluoride, 5 lgÁmL ino80-FLAG-NatR+ hÀ
ino80-FLAG-NatR+ cdc10-HA-KanR+ hÀ JA1652 ies4-myc-NatR+ cdc10-HA-KanR JA1700 cdc25-22 ies4-13xMyc:NatR+ h+ JA1728 ies4-13XMyc-NatR+ uraÀ h+ JA1821 cdc25-22 pht1-4KR-3xHA-KanMX6 h+ JA1990 ies4-13XMyc-NatR+ rep2::KanR+ ura4-D18 h+ JA1991 ies4-13XMyc-NatR+ yox1::KanR+ hÀ JA1992 ies4-13XMyc-NatR+ res1::ura4 ura4-D18 hÀ JA1993 ies4-13XMyc-NatR+ res2::ura4 ura4-D18 hÀ were done in the presence of different concentrations of ethidium bromide, as described before [38] .
Affinity purification and iTRAQ analysis
Total protein extracts of two different strains (wild-type and Cdc10-HA) were prepared from 2 L of asynchronous mid-log grown cultures, as described before [8] . Basically, cells were frozen under liquid nitrogen and then broken in a Spex 6770 Freezer Mill. Cell lysates were resuspended in 10 mL of NET-N buffer and centrifuged 5 min at 4000 g. Supernatant was collected and centrifuged in a Beckman centrifuge for 40 min at 30 000 g. Total protein of each strain was precleared by incubation for 1 h at 4°C with protein G sepharose. Precleared supernatants were incubated 4 h at 4°C with protein G sepharose crosslinked to a-HA antibody. Immunoprecipitates were washed four times in Bio-Rad Poly-prep Chromatography Columns with 5 mL of NET-N buffer, and eluted from columns with five washes of 1 mL of glycine pH 2. The presence of Cdc10 in the eluates was checked by western blot and one fifth of the selected eluate was loaded on a 12% SDS/PAGE followed by silver staining to compare the specificity of purification in both strains. The rest of the sample was dialyzed overnight against NH 4 HCO 3 20 mM using Spectra/Por dialysis membranes (Spectrum Laboratories, Irving, TX, USA), and then lyophilized. Samples were analyzed by M/S and an iTRAQ labeling was performed (as described by manufacturer), exactly as done before [8] .
Gene expression analysis
RNA extraction was performed as described [39] and 10 lg of extracted RNA was loaded. cdc22, cdc18 and act1 probes contained the complete ORFs of the genes. Reporter strains to measure MBF activity had cdc22 promoter controlling YFP expression and sty1 controlling the expression of mRFP, which was used as a control of the transcription [40] . 10 4 events were recorded for each sample at Purification of mononucleosomal DNA and nucleosome-scanning analysis
Mononucleosomes were obtained essentially as described before [41] [42] [43] . Briefly, 2.5 9 10 9 cells of wild-type, pht1-KR or pht1-KQ strains were crosslinked with formaldehyde (final concentration 0.5% V/V) at 25°C. To prepare spheroplasts, cells were digested with 18 mg of zymolyase 20T (ICN Biochemicals, Irvine, CA, USA), and spheroplasts were treated with increasing concentrations of micrococcal nuclease (MNase). Three hundred nanograms of purified mononucleosomal and genomic DNA (obtained from the same protocol as above in the absence of MNase) was analyzed by qPCR with sets of overlapping primer pairs listed in Table 2 ; overlapping primers for ctt1 were described previously [43] . These primer pairs were rendering amplicons of approximately 100 bp. For each primer pair, Nucleosome DNA enrichment corresponds to the relative value to the input, which was obtained using as template DNA isolated from cells not treated with MNase, and received a value of 1. We used Student's t test to calculate the statistical significance of the different values of amplicon for each primer pair.
